We compute the NLO QCD corrections to the loop-induced gluon fusion contribution in W + W − production at the LHC. We consider the full leptonic process pp → + − ν ν + X, by including resonant and non-resonant diagrams, spin correlations and off-shell effects. Quark-gluon partonic channels are included for the first time in the calculation, and our results are combined with NNLO predictions to the quark annihilation channel at the fully differential level. The computed corrections, which are formally of O(α 3 S ), increase the NNLO cross section by only about 2%, but have an impact on the shapes of kinematical distributions, in part due to the jet veto, which is usually applied to reduce the top-quark background. Our results, supplemented with NLO EW effects, provide the most advanced fixed-order predictions available to date for this process, and are compared with differential ATLAS data at √ s = 13 TeV.
The production of vector-boson pairs plays a crucial role in precision studies at the Large Hadron Collider (LHC). Among the diboson processes, W -boson pair production has the largest cross section, and it provides direct access to the coupling between three electroweak (EW) vector bosons. This makes W + W − production ideal to test the gauge symmetry structure of EW interactions and the mechanism of EW symmetry breaking in the Standard Model (SM). It therefore provides an excellent probe of new-physics phenomena in indirect beyond-SM (BSM) searches [1] [2] [3] [4] [5] 1 , and it was instrumental for the Higgs boson discovery [15, 16] as well as measurements of its properties [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
The experimental precision of W + W − measurements is continuously increasing. Its cross section has been measured first in proton-anti-proton collisions at the Tevatron [28, 29] , and later in proton-proton collisions at the LHC with centre-of-mass energies √ s = 7 TeV [1, 2] , 8 TeV [4, 5] , and 13 TeV [30] [31] [32] . In particular, in the most recent 13 TeV measurement of Ref. [32] statistical uncertainties have already reached the few-percent level, even for distributions in the fiducial phase space. The systematic uncertainties are still comparably large, but they can be expected to further decrease in the future.
The increasing level of precision calls for continuous improvements in the theoretical description of W + W − production at hadron colliders. The experimental uncertainties can be matched on the theoretical side only by highest-order computations in QCD and EW perturbation theory. At leading order (LO) W -boson pairs are produced through quark annihilation, which was calculated for on-shell W bosons many years ago [33] . Next-to-leading-order (NLO) QCD predictions were first obtained in the on-shell approximation [34, 35] , later incorporating leptonic W decays with off-shell effects and spin correlations [36] [37] [38] [39] . To reach the precision demanded by present W + W − measurements, corrections beyond NLO QCD are indispensable. NLO EW corrections have been evaluated for on-shell W bosons [40] [41] [42] , and with their full off-shell treatment [43] [44] [45] . Although EW effects have an impact of only few percent on the inclusive W + W − rate, they can be significantly enhanced up to several tens of percent at transverse momenta of about 1 TeV. At O(α 2 S ) the loopinduced gluon fusion channel provides a separately finite contribution, enhanced by the large gluon luminosity. This contribution, which is part of the next-to-next-to-leading order (NNLO) corrections, has been known for a long time [39, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . The complete NNLO QCD corrections were first evaluated in the on-shell approximation for the inclusive cross section [56] , while the fully differential NNLO predictions for off-shell W bosons were presented in Ref. [57] , using the two-loop helicity amplitudes for→ V V [58] [59] [60] . Recently, the NLO QCD corrections to the loop-induced gluon fusion contribution, which are formally of O(α 3 S ), were evaluated [61] using the two-loop helicity amplitudes for gg → V V of Refs. [62, 63] , considering only the gluon-gluon partonic channel.
One important aspect of the theoretical description of W + W − production is the correct modelling of the jet veto (see Ref. [64] [65] [66] [67] [68] for example) that is applied in W + W − measurements to suppress the top-quark background. Studies based on resummed computations at next-to-next-to-leading logarithmic (NNLL) accuracy for the transverse momentum (p T ) of the W + W − pair [69] and for the jet-vetoed cross section [68] matched to NNLO, as well as the recent computation of Ref. [70] where NNLO predictions are matched to a parton shower, have shown that this is only relevant for small veto cuts. Jet vetos of 30 GeV and higher used in recent W + W − analyses [32] are sufficiently large to obtain reliable predictions for the fiducial cross section from fixed-order computations. On the contrary, resummation effects are eventually needed to obtain reliable predictions in the tails of some kinematical distributions, for example in the invariant mass distribution of the W + W − pair [71] .
As pointed out in Ref. [72] , present experimental analyses for both ZZ and W + W − production assume the quark-antiquark (qq) annihilation and loop-induced gluon fusion (gg) channels to be independent processes, although they mix in higher-order calculations through parton evolution. Already at NNLO there are diagrams that mix the two production mechanisms, thereby suggesting that a unified treatment would be desirable. Nevertheless, data are so far compared to ad hoc combinations of NNLO calculations for the quark annihilation channel and NLO corrections to the loop-induced gluon fusion channel, often by using K-factors (see e.g. Refs. [30, 31, 73, 74] ). Ref. [72] made a decisive step for ZZ production by combining the NNLO calculation in the quark annihilation channel with the NLO calculation of the loop-induced gluon fusion channel. This is particularly important to perform consistent variations of the renormalisation and factorisation scales, which in turn allows us to obtain an estimate of perturbative uncertainties.
In this paper we take the same step for W + W − production, and supplement predictions for the NNLO QCD cross section with NLO QCD corrections to the loop-induced gg contribution. For the first time, we include also the (anti)quark-gluon (qg) channel entering the full NLO QCD corrections to the loop-induced channel. The combination of NNLO QCD contributions with NLO corrections to the loop-induced gluon fusion channel provides an estimate of the complete N 3 LO result and will be denoted by "nNNLO" in the following. This calculation constitutes the most advanced perturbative QCD prediction to date for the W + W − process. In order to reach the goal of percent-level theoretical uncertainties for W + W − production, QCD predictions must be combined with EW corrections at least at NLO, which has been achieved very recently in Ref. [45] . Our calculation, including the aforementioned EW corrections, will be made publicly available in an updated version of Matrix [75] . In the following, we will discuss the details of the computation, analyse the effects of the newly computed corrections, and compare our best phenomenological predictions for differential observables in the fiducial phase space to ATLAS data at 13 TeV.
We consider the process
where the charged final-state leptons and the corresponding (anti-)neutrinos have different flavours ( = ). All the resonant and non-resonant Feynman diagrams contributing to this process are included, accounting for off-shell effects and spin correlations, and our calculation is fully differential in the momenta of the final-state leptons and the associated QCD radiation. The calculation is carried out by using the complex-mass scheme [76] , without any resonance approximation. Our implementation can deal with any combination of (massless) leptonic flavours, , ∈ {e, µ}, and in order to compare against experimental data we focus on the process pp → + − ν ν + X with , = e or µ and = . For the sake of brevity, we will denote this process as W + W − production in the following.
Representative LO diagrams are shown in Figure 1 Figure 1 (d) , on the other hand, shows a gg diagram induced by a quark loop. The square of the corresponding amplitude enters at O(α 2 S ) and is part of the NNLO corrections. Furthermore, starting at NNLO, there is a mixing between quark annihilation and gluon fusion contributions, see Figure 2 for example. Such mixing renders a distinction between the two production mechanisms ambiguous.
Nevertheless, the square of the loop-induced gg amplitude that enters at O(α 2 S ) is strongly enhanced by the large gluon luminosity, and it is formally only LO accurate. Consequently, the inclusion of the NLO corrections to this contribution becomes extremely important for obtaining a precise prediction for the W + W − cross section. Besides gg-initiated diagrams at O(α 3 S ) the NLO corrections entail also qg-initiated contributions. 2 The latter were neglected in the previous computation of the NLO corrections [61] . As we will see when presenting phenomenological results, the qg contributions can become quite relevant, in particular in cases where a jet veto is applied.
One should bear in mind that there are not only loop-induced contributions to the gg channel at O(α 3 S ), and that we only include contributions where both interfered amplitudes contain a closed fermion loop, see Figure 3 (a) for an example and Figure 3 (b) for a counterexample. At present it is not possible to consistently account for all the other contributions that would enter a complete next-to-next-to-next-to-leading-order (N 3 LO) calculation. For sufficiently inclusive observables, we expect the impact of the missing contributions at N 3 LO to be within the perturbative uncertainties estimated from NNLO scale variations. By contrast, NLO corrections to the loop-induced gg channel are known to exceed the uncertainties obtained through LO scale variations. Our partial N 3 LO results (nNNLO) therefore include all contributions up to O(α 2 S ), together with the complete NLO corrections to the loop-induced gluon fusion channel at O(α 3 S ). As such, besides providing the maximum information available at present in QCD perturbation theory for this process, our calculation provides a consistent estimate of the perturbative uncertainties through renormalization and factorization scale variations. We perform our calculation in the computational framework Matrix [75] . All tree-level and one-loop amplitudes are obtained with OpenLoops 2 [77, 78] . 3 For validation of the loop-induced contribution, we have employed the independent matrix-element generator Recola [82, 83] , finding complete agreement. At two-loop level, we rely on the public C++ library VVamp [84] that implements the→ V V helicity amplitudes of Ref. [60] and the gg → V V helicity amplitudes of Ref. [63] . The core of the Matrix framework is the Monte Carlo program Munich 4 , which is capable of computing both NLO QCD and NLO EW [85, 86] corrections to arbitrary SM processes. To reach NNLO QCD accuracy, Matrix uses a fully general implementation of the q T -subtraction formalism [87] . The NLO calculation is performed by using the Catani-Seymour dipole-subtraction method [88, 89] and also with q T subtraction [87] , which provides an additional cross-check of our results. Matrix has been employed in a large number of NNLO calculations for colour-singlet processes at hadron colliders [56, 57, 90-97] 5 , and it has been recently extended to heavy-quark production [98, 99] . Matrix was also used for the NLO corrections to loop-induced ZZ production [72] .
We present predictions for pp → + − ν ν + X production with , = e or µ and = at the LHC with √ s = 13 TeV. For the EW parameters we employ the G µ scheme and set
We compute the EW mixing angle as cos We follow the prescription adopted in Refs. [56, 57] to avoid top-quark contamination: We drop all contributions with real bottom quarks in the final state to obtain a top-free W + W − cross section. Accordingly, we use the N f = 4 sets of the NNPDF31 [101] parton distribution functions (PDFs) and choose the corresponding set for each perturbative order. 6 The loop-induced gluon fusion contribution and also its NLO corrections are always computed 3 OpenLoops 2 relies on its new on-the-fly tensor reduction [79] that guarantees numerical stability in the entire phase space, especially in the IR-singular regions. Within OpenLoops 2 scalar integrals from Collier [80] and OneLOop [81] are used. 4 Munich is the abbreviation of "MUlti-chaNnel Integrator at Swiss (CH) precision"-an automated parton level NLO generator by S. Kallweit. In preparation. 5 It was also used in the NNLL+NNLO computation of Ref. [69] , and in the NNLOPS computation of Ref. [70] . 6 At LO there is no N f = 4 NNPDF31 PDF set available, so we use the corresponding NNPDF30 set [102] . with NNLO PDFs due to the lack of N 3 LO PDF sets. To improve the perturbative treatment in the tails of the kinematical distributions, we choose renormalization (µ R ) and factorization (µ F ) scales dynamically,
where m ν and p T, ν (m ν and p T, ν ) are the invariant masses and the transverse momenta of the reconstructed W bosons. Residual uncertainties are estimated from customary 7-point variations, i.e. by varying µ R and µ F around the central scale µ 0 by a factor of two while respecting the constraint 0
Since the two-loop amplitudes including massive quarks are unknown to date, we employ the following approximation: The full dependence on the masses of top and bottom quarks is taken into account everywhere in the calculation, except for the two-loop virtual contributions. Since two-loop→ V V diagrams with light fermion loops have a negligible impact, we expect also the massive quarks to induce subleading effects. For the two-loop gg → V V contribution, on the other hand, we account for the heavy-quark masses approximately by reweighting the massless two-loop amplitude with the full LO one-loop amplitude including the massive quarks. Diagrams involving the Higgs boson are consistently included at each perturbative order, except for the two-loop contributions, where we employ the same approximation as for the massive top-quark loops.
We follow the ATLAS analysis at √ s = 13 TeV of Ref. [32] and apply the selection cuts summarized in Table 1 . The fiducial cuts involve standard requirements on the transverse momenta and pseudorapidities of the leptons, a lower invariant-mass cut and a lower cut on the transverse momentum of the lepton pair, as well as a minimum requirement on the missing transverse momentum. Most importantly, there is a jet veto as commonly applied in W + W − measurements to suppress the top-quark background. However, a particular feature of the fiducial setup of Ref. [32] as compared to previous W + W − analyses is the rather loose veto requirement which removes events with jets that have a p T larger than p veto T = 35 GeV. Henceforth, our fixed-order calculation is expected to be reliable except in phase-space regions that involve scales significantly larger than the jet veto scale. We briefly introduce our notation for the various contributions: ggLO denotes the loop-induced gluon fusion channel contributing at O(α 2 S ), while the NNLO cross section in the quark annihilation channel (without the ggLO contribution) is labelled qqNNLO. ggNLO refers to the complete NLO cross section of the loop-induced contribution, whereas ggNLO gg is its restriction to the gg-induced partonic channel. Hence, the difference between these two predictions corresponds to our newly Table 2 : Fiducial cross sections at different perturbative orders and relative impact on NLO and ggLO predictions, respectively. The quoted uncertainties correspond to scale variations as described in the text, and the numerical integration errors on the previous digit are stated in parentheses; for all (n)NNLO results, the latter include the uncertainty due the r cut extrapolation [75] .
computed contribution from the qg channels. As discussed before, our partial N 3 LO result is dubbed nNNLO, and it includes the full NNLO cross section supplemented by NLO corrections to the loop-induced gluon fusion contribution at O(α 3 S ).
In Table 2 we present cross sections at the various perturbative orders corresponding to the fiducial phase space defined in Table 1 . Since the jet veto has a considerable impact on the structure of higher-order corrections, we show results in the same setup both with and without jet veto (i.e., inclusive over QCD radiation). The upper panel shows the QCD corrections to the quark annihilation channel, the second panel focusses on the loop-induced gluon fusion contribution up to O(α 3 S ), illustrating also the impact of the newly calculated qg channels, and the third panel compares the new best QCD prediction obtained in this paper, i.e. nNNLO, with the NNLO result. Our best fixed-order prediction is labelled nNNLO EW and is reported in the last panel of Table 2 . It is obtained by combining our nNNLO QCD result with NLO EW corrections according to the prescription of Ref. [45] . 7 7 To be precise the nNNLO EW prediction is obtained as follows. Only the EW corrections that can be uniquely assigned to theproduction channel are combined multiplicatively with the qqNNLO result, whereas the remaining EW corrections (photon-induced channels) as well as the ggNLO contribution are added. To account for the photon content of the proton, we use the NNPDF31 nnlo as 0118 luxqed nf 4 set [104] here, and we apply the same EW input and renormalization schemes as in Ref. [45] . By extending the notation of Ref. [45] this combined QCD-EW prediction could be also named nNNLO×EW.
The main conclusions that can be drawn from these results are the following:
• Cross sections with Born kinematics (LO and ggLO) are obviously not affected by cuts on QCD radiation. By contrast, the jet veto has a significant impact on higher-order QCD corrections, both in the quark-initiated channels and for the loop-induced gluon fusion contribution. In particular, the relative impact of the newly computed qg channel becomes quite sizeable with the jet veto. This can be understood as follows: Inclusively, the qg channel has a rather small and negative impact, since the negative MS mass factorization counterterm balances the positive contribution from the real radiation matrix elements. The jet veto acts only on the real radiation. Thus, it removes a positive contributions from the qg channel, rendering it more negative and increasing its relative impact. As we will discuss below, also for kinematical distributions the jet veto has quite a strong impact on the QCD corrections and the relative size of the qg channel. Without the jet veto radiative corrections are overall similar to those found for ZZ production in Ref. [72] .
• The NLO (NNLO) corrections relative to LO (NLO) in the quark annihilation channel amount to +77.5% (+10.7%) without jet veto, and they are reduced to +18.4% (+0.1%) when the jet veto is applied.
• NLO corrections to the loop-induced gluon fusion channel are large: They are +71.0% in the case inclusive over QCD radiation and still +31.1% with the jet veto. The relative impact of the qg channel can be extracted from the difference between the ggNLO with ggNLO gg predictions. While in the inclusive case it reduces the ggNLO gg corrections to the loop-induced gluon fusion channel by only roughly 6%, this reduction increases to roughly 30% when the jet veto is applied.
• The NNLO QCD effects with a jet-veto amount to +6.6% with respect to NLO, and they are almost entirely due to the ggLO contribution, whereas the latter accounts for only about one third of the +15.1% NNLO corrections without jet veto. The impact of the NLO corrections to the loop-induced contribution is to increase the NNLO result by about 1.9% (2.7%) with (without) the jet veto. Excluding the qg channels would increase the nNNLO prediction with the jet veto by about 0.8%, while it has a subleading impact otherwise.
• NNLO and nNNLO predictions without jet veto are fully compatible within scale uncertainties. However, when the jet veto is applied, both at NNLO and at nNNLO the scale uncertainties are significantly reduced, and the two predictions are marginally compatible. Such strong reduction of scale uncertainties can be seen as a consequence of the improved convergence of the perturbative expansion, but it also suggests that scale uncertainties should not be fully trusted in this case as true perturbative uncertainties.
• Contributions stemming from intermediate Higgs boson exchange are included, but they are subdominant for the W + W − selection cuts under consideration. We find them to contribute only −0.3% to the fiducial W + W − cross section at nNNLO.
• Comparing our predictions to the measurement of the fiducial cross section reported in Ref. [32] , σ fid = 379.1 ± 5.0(stat) ± 25.4(syst) ± 8.0(stat) fb, we note that NNLO, nNNLO and nNNLO EW predictions are in agreement with the experimental result within one standard deviation. In general, as far as the central value is concerned, the positive effect of the ggNLO corrections slightly improves the agreement, while the EW corrections make the agreement slightly worse. We first show the invariant-mass distribution of the W + W − pair (m W W ) in Figure 4 . It is interesting to notice how the relative corrections are affected by the jet veto. Without jet veto (right panel) the loop-induced gluon fusion contribution at NLO is largest at small invariant masses (∼ +3% at the peak with respect to NNLO) and continuously decreases towards larger m W W values, becoming negligible around 1 TeV. The ggNLO correction is relatively flat (disregarding the region around the peak) and always positive, while the qg channel has a rather small impact, consistently with what we observed in Table 2 . When the jet veto is applied (left panel), the shape of the NNLO prediction is significantly affected. The NLO corrections to the loop-induced contribution have a positive impact in the peak region (∼ +3% with respect to NNLO), but at larger invariant masses their effect turns negative, reaching ∼ −2% in the TeV range. The ggNLO K-factor strongly decreases as m W W increases, and the impact of the qg channel is considerably large and negative at large m W W . This behaviour is not unexpected. As it is well known, at large m W W the perturbative expansion is affected by large logarithmic contributions of the form α n S ln m m W W /p veto T , which would require an all-order resummation. Therefore, in the high-m W W region fixed-order predictions become unreliable, and perturbative uncertainties are significantly larger than what can be inferred from customary scale variations. 8 We note that the nNNLO uncertainty band widens in the tail of the m W W distribution, becoming larger than the NNLO band. This effect is clearly driven by the interplay of the jet veto with the NLO corrections to the gg channel.
We find similar results for the transverse-momentum distribution of the reconstructed W + boson (p T,W + ) in Figure 5 ; the distribution in p T,W − behaves similarly. Without the jet veto (right panel) the nNNLO corrections are positive at small transverse momenta, and they decrease as p T,W increases, but remain positive and small in the tail of the distribution. The ggNLO K-factor is almost completely flat and around +70%, with a minor impact of the qg channel. The small structure around p T,W ∼ 150 GeV is related to the massive-quark loop contributions. When the jet veto is applied (left panel) the nNNLO/NNLO ratio is about +5% at small transverse momenta and steadily decreases until it reaches about −3% for p T,W 300 GeV. The ggNLO correction is positive at small transverse momenta and it significantly decreases as p T,W increases, with a considerable effect coming from the qg channel. In Figure 6 we show the distribution in the missing transverse momentum (p T,miss ) computed from the vectorial sum of the neutrino momenta. The pattern of the corrections with and without jet veto is rather similar to the two distributions considered before. We thus only discuss one peculiar additional feature, namely the kink around p T,miss ∼ m W , which is visible in all the predictions. We also note that the size of the uncertainty bands for p T,miss > m W clearly increases. Such effect is due to the fact that at LO the two neutrinos are back-to-back with the leptons, and therefore values of p T,miss larger than m W are strongly disfavoured as they require at least one of the W bosons to go off-shell. This can be seen also from the quickly decreasing LO result for p T,miss > m W in the case in which no jet veto is applied. At NLO the neutrinos can recoil against the additional jet, and this region receives a large correction. Hence, the accuracy is effectively reduced by one order here, which explains also the enlarged uncertainty bands. The impact of the NLO corrections in the quark annihilation channel without jet veto is indeed huge, with K-factors of O(10) in the high-p T,miss region.
We finally perform a comparison of our nNNLO predictions to the ATLAS data of Ref. [32] in Figure 7 . On top of the pure QCD predictions, we also show the best available fixed-order result nNNLO EW (green, long-dashed), which was introduced in Table 2 and includes also the EW effects calculated in Ref. [45] . In general, the NLO corrections to the loop-induced contribution slightly improve the agreement with the data, especially when the nNNLO prediction has a different shape compared to NNLO, i.e. for the distributions in the transverse momentum of the leading lepton (p and the transverse momentum of the dilepton system (p T, , upper right plot), as well as for the distribution in the azimuthal angle between the leptons (∆φ , lower central plot). The experimental uncertainties, however, are still too large to draw firm conclusions. In the tails of the p T, 1 , m W W and p T, distributions, the negative effects of the EW Sudakov logarithms are clearly more pronounced than those of the ggNLO corrections. For the rapidity distribution of the lepton pair (y , lower left plot) and the distribution in | cos θ * | = | tanh(∆η /2)| (lower right plot), the ggNLO corrections are largely flat with respect to the NNLO result, and the better agreement of the nNNLO distribution with data is only due to the normalization, which was already found for the fiducial cross section in Table 2 .
We have calculated NLO QCD radiative corrections to the loop-induced gluon fusion contribution in W + W − production at the LHC. Our predictions include, for the first time, also (anti)quarkgluon partonic channels. By combining these results with the NNLO QCD prediction for quark annihilation we have obtained an estimate of the full N 3 LO cross section, denoted by nNNLO, which represents the most advanced QCD prediction available to date for this process. By considering the full leptonic signature pp → + − ν ν + X, we consistently account for off-shell effects, spin correlations and interferences. We have presented phenomenological results for the fiducial cross section and distributions applying the selection criteria used in the ATLAS measurement at √ s = 13 TeV, which include a jet veto. This jet veto, which is customarily applied to suppress the top quark background, has a significant impact on the behaviour of radiative corrections. In particular the shapes of important distributions are modified by NLO corrections to the loopinduced gluon fusion contribution. Our results are in good agreement with the experimental data, which, however, have still large uncertainties. Our calculation has been implemented in the parton-level Monte Carlo program Matrix and will be made available in a forthcoming version of the code. Together with the combination of EW corrections (already included in the comparison with experimental data here), presented in parallel to this work in Ref. [45] , our results will boost the precision in physics studies based on the W + W − signature at the LHC and future hadron colliders.
